Introduction
In recent years, the understanding of graphene materials has facilitated their applications in the biomedical field, where they are used as biosensors and delivery carriers, and in gene therapy. 1, 2 Moreover, graphene oxide (GO), which is chemically exfoliated from oxidized graphite, is a promising material for biological applications. In addition to GO, reduced graphic oxide (rGO), the product obtained by treating GO under reducing conditions to reduce its oxygen content, is also utilized. 3 rGO has attracted significant interest in the fields of tissue engineering, molecular imaging, drug/gene delivery, 4 and neural interfaces. 5, 6 Due to the increase in wide applications of GO materials, more safety information should be obtained in an effort to clearly understand how cells respond on exposure to graphene derivatives.
Recent studies have focused on the graphene-induced toxicological profile. An in vivo study showed that after intravenous administration, GO mainly localized in the lung, liver, and spleen, where significant toxic damage was observed. 7 Moreover, oxidative stress is believed to be a major toxic response to GO at toxic doses, and the generation of reactive oxygen species (ROS) is considered its main factor. 2, [8] [9] [10] The blood-brain barrier (BBB) has an intricate physical and molecular structure that provides the proper microenvironment for neuronal cell activity to withstand the penetration of foreign matter, including graphene materials. However, in recent decades, the penetration of materials through the BBB, especially nanomaterials, has become possible due to their tiny size. Graphene materials are also believed to translocate into the brain through the BBB. 11 Although some toxicological information on graphene materials has been obtained in vitro and in vivo, these data are limited and partial. Moreover, as neurotoxicological information on GO and rGO remains obscure, more research is required. In this study, PC12 cells, a traditional cell line for neuroscience studies, were selected for toxicological analysis. To examine the effects of oxidation state on the toxic response to GO, we detected toxicological differences in GO and rGO materials. Moreover, we found that other biological processes, such as the cell cycle, were impacted by the exposure to GO and rGO, and related molecular mechanisms were explored.
Materials and methods

Material preparation and characterization
GO was purchased from Sigma-Aldrich (CAS Number 763713; St Louis, MO, USA), and rGO was purchased from XFNANO (CAS Number 7440-44-0; Nanjing, People's Republic of China). GO and rGO nanosheets were characterized by atomic force microscopy (AFM, MFP-3D-S; Asylum Research, Santa Barbara, CA, USA), Raman spectroscopy (Dimension Edge; Bruker Nano Surfaces, Santa Barbara, CA, USA), and zeta-potential and particle size analysis (performed using dynamic light scattering [DLS]) measurements (Zetasizer Nano ZS; Malvern Instruments, Malvern, UK). GO and rGO were dispersed in ultrapure water to prepare stock solutions (500 µg/mL). The stock solution was sonicated for 2 h (40 kHz) and diluted to different concentrations with complete culture medium just prior to cell exposure.
cell culture
The immortalized PC12 cell line (The Cell Bank of the Shanghai Infrastructure for Public Research and Development of the Chinese Academy of Medical Sciences, Shanghai, People's Republic of China) was cultured in Dulbecco's Modified Eagle's Medium (Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (Thermo Fisher Scientific) and 1% antibiotic/antimycotic solution (Thermo Fisher Scientific). Cells were incubated at 37°C with 5% CO 2 in a 95% humidified atmosphere, and the culture medium was replaced every other day.
cell proliferation assay
Cell viability was determined using the cell counting kit-8 (CCK-8) assay (Dojindo Molecular Technologies, Kumamoto, Japan). Cells were seeded in 96-well plates at a density of 5,000 cells/well. GO and rGO nanoparticles (NPs) were added at concentrations of 5, 10, 20, 40, 60, 80, and 100 µg/mL, and the plates were incubated for 6, 12, 24, and 48 h at 37°C with 5% CO 2 . The control group was left untreated. For the CCK-8 test, 110 µL detection reagent was added to each well, and the 96-well plates were incubated for an additional 2 h at 37°C. To prevent NPs from interfering in this analytical assay, an empty 96-well plate was prepared. The optical density of each well was measured at 450 nm using a microplate reader (SpectraMax M5; Molecular Devices, Sunnyvale, CA, USA). There were six replicates for each treatment.
Annexin V analysis by flow cytometry
Cells were cultured in a 12-well plate at a density of 30,000 cells/well to reach confluency. After treatments with GO and rGO NPs, the cells were washed with 1X phosphate-buffered saline (PBS) and collected using ethylenediaminetetraacetic acid (EDTA)-free trypsin. The cells were resuspended in 1X PBS at a concentration of 25,000 cells/mL and centrifuged at 1,000× g. The cells were then stained with 5 µL fluorescein isothiocyanate-Annexin V and 1 µL propidium iodide (PI; 100 µg/mL) (Invitrogen, Carlsbad, CA, USA) protected from light at room temperature. Finally, the cells were mixed with 400 µL of 1X binding buffer and analyzed immediately by flow cytometry (BD FACSAria III; BD, Franklin Lakes, NJ, USA).
cell cycle analysis
The Cell Cycle Detection Kit (KeyGen Biotech, Nanjing, People's Republic of China) was used to detect the DNA content of each cell. PC12 cells were starved for 12 h before treatments with GO and rGO NPs. At the end of the treatment, the cells were collected using 0.25% EDTA/trypsin and washed twice with 1X PBS. Then, 70% ethanol was used to fix the cells at 4°C for 12 h. The cells were incubated with 100 µL of RNase for 30 min at 37°C, and then 400 µL PI was added, followed by incubation at room temperature protected from light for 30 min. 
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confocal microscopy
Cells were seeded on glass coverslips and cultured in the presence of GO and rGO NPs for 24 h. At the end of the treatment, the cells were washed twice with 1X PBS, fixed with 3.7% paraformaldehyde in PBS, permeabilized with 0.1% Triton X-100, and preincubated with PBS containing 5% bovine serum albumin. Then, cells were incubated for 1 h with rhodamine-phalloidin (1:4,000) in the dark, and the cell nuclei were stained with Hoechst 33342 for 20 min and examined using an FV10i confocal microscope (Olympus, Tokyo, Japan).
Western blot analysis
After treatments with GO and rGO NPs, cells were washed twice with PBS, and then lysis buffer (KeyGen Biotech) containing a protease inhibitor and phosphatase inhibitors was added on ice. The cells were scraped and collected into centrifuge tubes, the supernatant was transferred to another tube after centrifugation, and the protein concentration was determined using the bicinchoninic acid (BCA) protein assay (Pierce BCA Protein Assay Kit; Thermo Fisher Scientific). An equal amount of protein (20 µg/well) was separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis. The proteins were transferred to polyvinylidene difluoride membranes (Merck Millipore, Darmstadt, Germany), which were then washed with tris buffered saline, with tween-20 (TBST) (20 mM Tris-HCl, 500 mM NaCl [pH 7.5], and 0.01% Tween-20). The membrane was blocked with TBST containing 5% skim milk for 1 h at room temperature and then incubated overnight with primary antibodies from the ERK pathway kit (No #9911; Cell Signaling Technology, Danvers, MA, USA), including antibodies against p-c-Raf (Ser338), p-MEK1/2 (Ser217/221), p-p44/42 MAPK (Thr202/Tyr204), p-p90RSK (Ser380), and GAPDH, at 4°C. The secondary antibody, IRDye 800CW-conjugated anti-rabbit/mouse IgG, was incubated with the membranes for 1 h at 37°C protected from light. Immunoreactive proteins were detected using the Odyssey infrared imaging system (Li-Cor, Lincoln, NE, USA).
statistical analysis
Results are represented as the means ± SEM. All data were statistically analyzed by analysis of variance. A homogeneityof-variance test was performed, and Bonferroni and Dunnett's T3 tests were used when equal variance was assumed and when there was no homogeneity, respectively. P-values less than 0.05 were considered significant. Figure 1 shows the representative AFM images of the GO and rGO samples. Most GO sheets exist as a single layer or as a few layers. The thickness of the GO layer was approximately 0.6 nm, as indicated by AFM measurements, while rGO was thicker (approximately 0.9 nm; Figure 1A and B). The GO surface had sags and crests, while rGO surface was more fluent when compared with GO ( Figure 1A and B) . The Raman spectra of the GO/rGO materials used in the present study are shown in Figure 1C . , respectively. The dispersity of GO and rGO was determined by zeta potential and DLS measurements. As shown in Table 1 , the zeta potentials of GO and rGO were −14.3±11.1 and −17.7±7.99 mV, respectively. The average size distributions of these two nanomaterials were 219 and 122.4 nm, respectively. gO and rgO inhibited Pc12 proliferation and induced apoptosis PC12 cell viability was also examined after GO and rGO (0, 10, 20, 40, 60, 80, and 100 µg/mL) treatments (Figure 2 ). GO and rGO nanosheets resulted in dose-and time-dependent toxicity in PC12 cells, with GO being more cytotoxic than rGO. The cell viability was dramatically decreased following treatment with 20 µg/mL GO and rGO, and more than 50% of the PC12 cells died when the concentration of GO and rGO increased to 40 and 60 µg/mL.
Results
characterization of gO and rgO nanosheets
Apoptosis levels were detected after treatments with 50 and 100 µg/mL GO and rGO for 24 h. The results showed that GO treatment induced high levels of apoptosis in a dose-dependent manner, whereas only a slight increase was observed following treatment with rGO, which did not indicate significant apoptosis (Figure 3 ).
gO and rgO induced Pc12 cell cycle arrest
Cell proliferation depends on cell cycle progression; one of the most important biological processes, the cell cycle, includes a division phase and an interphase. Cells pass through the G0/G1 phase (quiescence/gap 1) to the S phase (synthesis) and finally to the G2/M phase (gap 2 and mitosis, respectively). Cell division occurs during the mitosis phase (M phase), whereby a single cell divides into two cells.
A cell spends more time in interphase than other phases. G1 phase is the presynthetic phase, during which materials are largely produced and energy is stored for the ensuing DNA synthesis, which mainly occurs in S phase. G2 phase comprises the postsynthetic phase, during which mitosisrelated RNA and protein synthesis is completed. Cell cycle analysis indicated that exposure to either GO or rGO led to the arrest of PC12 cells at the G0/G1 phase of the cell cycle (Figure 4) . The cells appeared normal in both the control and 10 µg/mL treatment groups; however, when cells were exposed to 20 and 50 µg/mL GO or rGO, the number Notes: Pc12 cells were treated with gO and rgO nanosheets at doses of 0, 10, 20, 40, 60, 80, or 100 µg/ml for 6, 12, 24, or 48 h. cell viability was determined using the ccK-8 assay: (A) gO NPs and (B) rgO NPs. The results are presented as the mean ± seM from three independent experiments. *P,0.05, **P,0.01, and ***P,0.001. Abbreviations: ctrl, control; gO, graphene oxide; rgO, reduced graphene oxide; ccK-8, cell counting kit-8; NPs, nanoparticles.
of cells in the G0/G1 phase increased, with a concomitant decrease of cells in S and G2/M phase.
Immunocytochemistry for actin and nuclei ( Figure 5 ) indicated that PC12 cells in the control group retained the ability to divide normally, but abnormal multinucleated cells were observed after the treatments with 50 µg/mL GO and rGO.
gO and rgO nanosheets induced changes in phosphorylation of erK pathway proteins
We hypothesized that the GO-and rGO-induced PC12 cell cycle arrest was due to altered phosphorylation levels of ERK pathway molecules, as this pathway plays an important role in cell cycle regulation. Western blot analysis (Figures 6 and 7 ) revealed significant changes in the phosphorylation levels of related upstream and downstream proteins of the ERK pathway. Following treatment with GO, we observed marked fluctuations in the phosphorylation levels. The level of p-MEK1/2, p-ERK, and p-p90RSK slightly decreased at 30 min or 1 h, which then significantly increased, especially p-MEK1/2 and p-ERK, at 6 h. These phosphorylation levels decreased to those of baseline (p-MEK1/2, p-ERK) or significantly lower than the control group (p-p90RSK). Moreover, a persistent increase in the level of p-c-Raf was observed. For the rGO group, we found results different from those for the GO group. The phosphorylation levels of MEK1/2 and ERK were increased at 30 min and then decreased to baseline (p-ERK) or lower than the control group (p-MEK1/2), whereas the level of p-p90RSK increased at 3 h and then decreased to lower than the control group. The phosphorylation levels of c-Raf, MEK1/2, and p90RSK were lower than those of the control group at 12 and 24 h; however, the level of p-ERK returned to baseline. 
Discussion
Graphene family nanomaterials have been widely used as drug and gene delivery carriers and have been suggested for use in therapy of neurological diseases. 12 These nanomaterials may exert differing degrees of toxicity in animals or cell models depending on the administration route or penetration through physiological barriers such as the BBB. 11, 13, 14 However, toxicological information on GO materials remains limited. In this study, we examined the neurotoxic effects of graphene family nanomaterials using the PC12 cell model.
When GO sheets interact with the cell membrane, the materials adhere to and wrap around the cell membrane and insert into the lipid bilayer so that they can be internalized into cells. [15] [16] [17] The toxicological mechanisms of GO materials revealed in recent studies mostly involve the inflammatory response, oxidative stress, DNA damage, apoptosis, autophagy, and necrosis. [18] [19] [20] Additional studies that used PC12 cells indicated that graphene and rGO caused reduced cell viability, mitochondrial dysfunction, lactate dehydrogenase release, and ROS generation. 2, 21 These oxidative stress responses have also been detected in other cells. 22 Moreover, apoptosis was observed as a major toxic response, indicating that GO and rGO cause apoptosis in mouse lungs after inhalation, 23 and some apoptosis-related proteins were activated following GO exposure in vitro. 23, 24 In our study, we examined PC12 cell viability using the CCK-8 assay, which revealed that GO and rGO induce a significant decrease in cell viability in both time-and dosedependent manner, with GO inducing more toxic effects than rGO. We also measured the level of apoptosis in PC12 cells following exposure to GO and rGO, and found that rGO did not cause significant apoptosis at doses of 50 and 100 µg/mL, though strong apoptosis levels were observed following GO exposure at the same doses. Similar results were observed in another study, in which GO caused a greater reduction in cell viability than rGO; the authors attributed these toxicity differences to the physicochemical properties of graphenebased materials, such as the density of functional groups, size, and conductivity. 25 In our study, we found no significant size discrepancy between GO and rGO materials. However, the rGO surface was more fluent than that of the GO materials, which was likely one of the main reasons for the differences in toxicity between these two materials.
Considering the decrease in cell viability and apoptosis induced by GO and rGO, we next examined the cell cycle, as cell proliferation is dependent on cell cycle progression. Moreover, cell cycle alteration and apoptosis are in many cases related. 26, 27 Previous studies have indicated that 
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Kang et al Figure 6 erK phosphorylation levels after treatment with gO nanosheets. Notes: Pc12 cells were treated with gO nanosheets at a dose of 50 µg/ml for 30 min or 1, 3, 6, 12, or 24 h. Total proteins were extracted, and the phosphorylation levels of erK signaling pathway molecules were analyzed via Western blot. The results are presented as the mean ± seM from three independent experiments. *P,0.05, **P,0.01, and ***P,0.001 compared with the control. Abbreviations: ctrl, control; gO, graphene oxide. nanomaterials may lead to arrest of the cell cycle at various phases. [28] [29] [30] Furthermore, many studies have shown that GO and rGO induce cell cycle arrest at the G0/G1 phase. [31] [32] [33] In our study, similar results were observed after treatments with GO and rGO at a dose of 50 µg/mL. Moreover, G0/G1 phase arrest was detected following treatment with 20 µg/mL GO, suggesting that GO causes more potent toxic effects than rGO. We also observed a significant decrease in the number of cells at G2/M phase, which may be related to abnormal growth and reveals an altered capacity for mitotic division, as evidenced by the appearance of two or more nuclei in one cell.
Limited data have indicated that GO and rGO induce cell cycle alterations. Matesanz et al 32 attributed the GO-induced cell cycle alterations to the location of GO on F-actin filaments because actin microfilaments must be intact for G1 progression, S phase entry, and mitotic division. 34 However, the detailed molecular mechanism remains unknown. Therefore, we explored changes in ERK signaling pathway molecules after exposure to 50 µg/mL GO and rGO. As an 
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gO and rgO induce cell cycle arrest via erK pathway important protein kinase of the MAPK cascade, ERK controls numerous cellular processes, including proliferation, differentiation, development, stress response, and apoptosis. 35 ERK regulates the transmission of many mitogenic and oncogenic signals that result in the promotion of cell proliferation. ERK appears to be required for many cells to pass the G1 restriction point and enter the S phase. 36 Several studies have indicated that nanomaterials trigger specific biochemical and biological responses and that these toxic effects are caused by the generation of ROS, which likely induces apoptosis and other signaling pathways such as ERK and AKT (also named PKB). [37] [38] [39] We hypothesized that GO and rGO induced cell cycle alterations via activation of the ERK signaling pathway. Our results showed altered phosphorylation levels of ERK signaling molecules after GO and rGO exposure. In rGO-treated cells, the phosphorylation levels of MEK1/2, ERK, and p90RSK first showed a significant increase, followed by a decrease to baseline levels (p-ERK) or to levels lower than that of the control group (p-c-Raf, p-MEK1/2, and p-p90RSK). These results showed the strong sequential activation effects of the ERK signaling pathway, which could be initiated as early as 30 min. However, we observed entirely different results for GO: a persistent increase in p-c-Raf began at 3 h, whereas the phosphorylation level of MEK1/2, ERK, and p90RSK increased significantly after an initial decline and ultimately returned to baseline. We attribute these interesting results to the exposure to a toxic dose (50 µg/mL) of GO. Our results indicate that GO at this dose induces significant apoptosis and cell cycle arrest, and this effect is not as strong for rGO. A previous study indicated that the ERK signaling pathway is activated as early as 5 min; 40 therefore, we hypothesized that the ERK pathway was activated as early as 30 min after GO exposure and then decreased to baseline after 30 min. However, exposure to GO at this dose caused potent toxic responses, including apoptosis, which likely initiated the ERK signaling pathway again after a 6-h exposure (these effects would not be observed following exposure to rGO, which did not initiate such toxic responses). 35 Moreover, these GO-and rGO-induced effects on ERK activation are likely involved in changes throughout the cell cycle and in the cell death pathway.
Conclusion
Due to limited toxicological information of GO materials, we examined the neurotoxic effects of the graphene family. Our results indicated that GO exerts more potent toxic effects than rGO, as evidenced by the reduced cell viability and increased apoptosis and cell cycle arrest. We found that the GO-and rGO-induced cell cycle changes and apoptosis are related to the ERK signaling pathway, as illustrated in Figure 8 . As some anticancer treatments are based on cell cycle arrest and induction of apoptosis, 41 we believe that the GO-and rGO-induced effects on the cell cycle observed in the present study should be considered in future studies focused on cancer therapy. Moreover, GO and rGO may be used synergistically, which could increase the efficacy of targeted anticancer treatments. Our study provides new insights into the applications of graphene materials in the future, which warrants more attention.
